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We have previously described a phospholipase C (PLC) activity in mammalian sperm cytosolic extracts. Here we have
examined the Ca21 dependency of the enzyme, whether there is enough in a single sperm to account for Ca21 release at
fertilization, and finally where in the egg is the phosphatidyl 4,5-bisphosphate, the substrate for the enzyme. As for all PLCs
examined so far in vitro, we found that the boar sperm PLC activity was Ca21 dependent. Specific activity increased when
free Ca21 levels were micromolar. However, even at nanomolar free Ca21 concentration the boar sperm PLC activity was
considerable, being two orders of magnitude greater than PLC activities in other tissues. We calculated that PLC activity
of a single boar sperm in a mammalian egg is enough to generate 400 nM inositol 1,4,5-trisphosphate (InsP3) in 1 min, which
ay be sufficient to account for the observed Ca21 changes in an egg at fertilization. We fractionated sea urchin egg
omogenate and examined the ability of boar sperm extract to generate InsP3 from these fractions. The sperm PLC activity
riggered InsP3 production from a PIP2-enriched nonmicrosomal egg compartment that contained yolk platelets. We propose
hat this sperm PLC activity, which is active at nanomolar Ca21 levels and hydrolyzes PIP2 from intracellular membranes,
ould be involved in the Ca21 changes observed at fertilization. © 2000 Academic Press
Key Words: sperm; sperm factor; phospholipase C; egg; fertilization; calcium; inositol 1,4,5-trisphosphate; phosphatidyl-
nositol 4,5-bisphosphate.c
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Sperm fertilize eggs by triggering a transient rise in the
egg cytoplasmic free Ca21 concentration (Stricker, 1999;
hitaker and Swann, 1993). The temporal dynamics of the
a21 signal are dependent upon species. For example, a
ingle Ca21 rise occurs in sea urchin and frog eggs but a
series of repetitive rises is observed in mammalian and
ascidian eggs (Stricker, 1999). In most cases the Ca21 source
is intracellular and probably the endoplasmic reticulum
(Parys et al., 1994). The Ca21 release at fertilization occurs
in the form of a wave, initiated from the point of sperm
fusion (Whitaker and Swann, 1993; Stricker, 1999). In some
eggs the Ca21 release in the cortical region of eggs is more
substantial than in the center of the egg, probably reflecting
a greater density of endoplasmic reticulum and Ca21 release
1 To whom correspondence should be addressed. Fax: 020 7679
7349. E-mail: k.swann@ucl.ac.uk. b
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.hannels in cortical regions (Fontanilla and Nuccitelli,
998; Kline et al., 1999; Oda et al., 1999). Nevertheless, it is
clear that in echinoderm, frog, mammalian, and many other
species of egg that the Ca21 wave propagates through all
epths of the egg (Galione et al., 1993; Stricker, 1999;
eguchi et al., 2000) In this sense the mature egg cytoplasm
cts as an “excitable medium” for Ca21 wave propagation
Lechleiter and Clapham, 1992).
Ca21 release at fertilization appears to be triggered
hrough inositol 1,4,5-trisphosphate (InsP3)2 production. In
frog and sea urchin eggs increased InsP3 production and
olyphosphoinositide turnover occurs during the sperm-
nduced Ca21 wave (Turner et al., 1984; Ciapa et al., 1992;
Lee and Shen, 1998). Such measurements have not been
2 Abbreviations used: EGTA, ethylene glycol bis(b-
minoethylether)-N,N,N-tetraacetic acid; InsP3, inositol 1,4,5-
risphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC,
hosphoinositide-specific phospholipase C; PBS, phosphate-
uffered saline.
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126 Rice et al.made on mammalian eggs due to the difficulty of achieving
synchronous fertilization on a large number of eggs. How-
ever, in mouse, hamster, and frog eggs the InsP3 receptors
appear to be responsible for the Ca21 release seen at fertili-
zation (Miyazaki et al., 1993; Parys et al., 1994; Snow et al.,
1996; Fontanilla and Nuccitelli, 1998; Brind et al., 2000).
These findings taken together suggest that the most general
mechanism for Ca21 wave propagation involves InsP3, gen-
erated by sperm–egg interaction, leading to a wave of Ca21
release via InsP3 receptors. Studies in different cell types
uggest that such a Ca21 wave, and subsequent oscillations,
where relevant, may propagate by one of two mechanisms.
There may be a positive feedback loop involving Ca21-
timulated InsP3 production (Whitaker and Irvine, 1984;
Meyer and Stryer, 1998). Alternatively, the positive feed-
back loop may involve cooperative binding of Ca21 and
InsP3 to the InsP3 receptor (Lechleiter and Clapham, 1992).
Since Ca21 waves travel throughout the depth of the cyto-
lasm these models have different constraints for InsP3
generation. If Ca21-dependent InsP3 production generates
he wave, then it may be necessary for InsP3 to be generated
from intracellular sites. Alternatively, if Ca21 feedback
pon the InsP3 receptor is involved then InsP3 diffusion
from the plasma membrane may be sufficient to stimulate
a wave.
It is not known how the initial sperm–egg interaction
leads to the triggering of Ca21 waves. Sperm contact with
eceptors on the egg plasma membrane may trigger InsP3
production from an egg-derived phospholipase C (PLC),
which could be linked to a receptor by either a G-protein or
tyrosine kinase (Williams et al., 1998; Mehlmann et al.,
1998; Runft et al., 1999; Carroll et al., 1999; Shearer et al.,
999). Another possible signaling mechanism is that the
perm introduces a soluble factor into the egg after gamete
usion (Swann, 1990; Wu et al., 1997; Stricker, 1999; Swann
nd Parrington, 1999). This is supported by the finding that
njection of sperm extracts into eggs generates Ca21 oscil-
lations similar to those seen at fertilization in mammals
(Swann, 1990; Wu et al., 1997) ascidians (Kyozuka et al.,
1998; McDougall et al., 2000) and nemertean worms
(Stricker, 1997). The sperm factor is proteinaceous and does
not appear to be species specific since sperm extracts from
vertebrate sperm are effective in a wide variety of different
species (Swann, 1990; Homa and Swann, 1994; Wu et al.,
1997; Stricker et al., 2000; Dong et al., 2000). A protein
factor, inside the sperm also appears to be responsible for
causing Ca21 oscillations and waves throughout the egg
cytoplasm after intracytoplasmic sperm injection in mam-
mals and invertebrate species (Stricker, 1996; Nakano et al.,
1997; Perry et al., 2000).
We have previously shown that mammalian sperm ex-
racts trigger InsP3 production and Ca21 release when they
re added to sea urchin egg homogenate (Jones et al., 1998).
he same factor that is responsible for causing Ca21 release
in these homogenates appears to be responsible for causing
Ca21 oscillations in intact eggs. Following fractionation on
arious chromatography columns, we have found that frac-
Copyright © 2000 by Academic Press. All rightions active in egg homogenate also cause Ca21 oscillations
following microinjection into intact mouse eggs (Parrington
et al., 1999). In sea urchin egg homogenate, mammalian
sperm extracts trigger Ca21 release only through the InsP3
receptor by generating InsP3.They do not cause Ca21 release
hrough the ryanodine receptor or the NAADP receptor
Jones et al., 1998). The ability of the sperm factor to act
olely on the InsP3 receptor in egg homogenate is consistent
ith the findings in intact mouse eggs (Oda et al., 1999).
urthermore, our data suggested that the sperm extracts
hemselves contain a PLC activity and that this offers one
imple explanation of how sperm extracts cause Ca21 re-
lease in eggs (Jones et al., 1998). It is, however, unclear if a
single mammalian sperm contains enough PLC activity to
account for InsP3 generation and Ca21 release in an intact
mammalian egg.
The localization of phosphatidylinositol 4,5-bisphos-
phate (PIP2), the PLC substrate, in intact mammalian eggs
nd in sea urchin egg homogenate, is unknown. While the
lasma membrane is a rich source of PIP2, in recent years it
is clear that PIP2 can be associated with intracellular
rganelles such as the Golgi apparatus (Godi et al., 1999)
nd endoplasmic reticulum (Helms et al., 1991). These
otential intracellular sites of PIP2 may be important in
ggs since Ca21 waves propagate through the egg cytoplasm.
In this report we have addressed the question of whether
the mammalian sperm PLC activity is suitable for causing
InsP3 production and Ca21 release in eggs at fertilization.
We have used the sea urchin egg homogenate to study
further how the sperm PLC activity triggers Ca21 release.
Since the sea urchin egg homogenate is an egg-derived
system, the properties of this homogenate are also of
intrinsic interest with respect to signaling in sea urchin
eggs. Our data suggest that the cytosolic sperm PLC activity
is effective at resting Ca21 levels and may act upon a
nonplasmalemma source of PIP2.
MATERIALS AND METHODS
Preparation of Sperm Egg Extracts
Sperm extracts consisting of the .30-kDa cytosolic fraction of
boar sperm were prepared as described previously (Jones et al.,
1998). Sperm were washed in phosphate-buffered saline (PBS) and a
sperm suspension of ;109 sperm/ml was lysed by two cycles of
reeze–thawing (Swann, 1990; Jones et al., 1998). Sperm extracts
ere either used directly for PLC assays or, more commonly,
oncentrated and frozen. Extracts of other tissues were prepared in
similar manner by washing into PBS and disruption with an
ltraturrax homogenizer. Storage of extracts involved freezing
hem in liquid N2 and storing at 280°C. Sea urchin egg homoge-
nate was prepared from the eggs of Lytechinus pictus (Marinus,
U.S.A.). Eggs were prepared as described previously (Galione et al.,
1993, 1997). Sea urchin eggs were homogenized with a Dounce
homogenizer and the generation and storage of homogenate were
otherwise exactly as described previously (Galione et al., 1993,
1997), except that an assay buffer containing 250 mM mannitol was
used instead of 250 mM N-methylglucamine (Jones et al., 1998).
s of reproduction in any form reserved.
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127A Sperm-Derived PLC ActivityCa21 release was monitored by the fluorescence of 3 mM fluo3
included in the assay buffer. Fluorescence was measured in agitated
0.5-ml samples maintained at 17°C in a LS-50B Perkin–Elmer
fluorimeter. The free Ca21 concentrations were estimated by addi-
tion of excess Mn21 ions (Kao et al., 1989). We estimated that the
K d for fluo3 in our assay buffer was 1.1 mM by measuring the
uorescence of 3 mM fluo3 using different ratios of Ca21/EGTA or
Ca21/HEDTA buffers. This shift in K d for fluo3 is similar to that
eported for fura2 in buffers to mimic intracellular conditions in
ea urchin eggs (Poenie et al., 1985). Using our K d for fluo3 we
ound that excess Mn21 addition mimicked the effect of 100 nM
a21, as reported previously for other buffers (Kao et al., 1989). The
free Ca21 concentrations in any Ca21 buffers used were calculated
using the appropriate ionic strength and MaxChelator software
(Bers et al., 1994).
Assays of Inositol Phosphates and PLC Activity
InsP3 and PIP2 mass assays were carried out using a competition
binding assay (Amersham, UK). InsP3 production was measured in
esponse to the addition of 2 ml boar sperm extract. The amount of
perm extract added was varied from 10 to 100 mg of protein (Jones
et al., 2000). Slight variations in the Ca21-releasing activity of
different batches of sperm extract meant that we adjusted the
amount used in each experiments to give a rate of rise of Ca21
release of 0.04–0.08 RFU/s (relative fluorescent units). This results
in a dose of sperm extract that is in the middle of the dose–response
curve for Ca21 release (Jones et al., 2000). In all the experiments
where InsP3 was measured the sample used was taken from a
0.5-ml cuvette containing homogenate, or fractions, that contained
the complete medium including the ATP-regenerating system and
fluo3. The Ca21 levels were recorded up until the moment the
sample was quenched by immersion in 20% perchloric acid at 4°C.
This procedure ensured that all InsP3 mass assay measurements
were carried out under exactly the same conditions as the Ca21
release assays. PIP2 was extracted and converted to InsP3 by
lkaline hydrolysis and measured in the sample using the InsP3
mass assay kit. PLC activity was assayed by one of two different
methods. In some experiments we assayed hydrolysis of PIP2 by
incubating extracts with tritium-labeled PIP2 (Amersham) in a
riton X-100-mixed micelle (Shears, 1997). In some other experi-
ents we assayed InsP3 formation by incubating 2 ml of extracts
with 2 ml of 1 mM PIP2 at room temperature for 1 min and
easuring the amount of InsP3 generated using the sea urchin egg
homogenate as a bioassay, as described previously (Jones et al.,
1998). Ca21 levels were controlled in both of these PLC assays by
using Ca21/EGTA buffers of varying ratios.
Fractionation of Sea Urchin Egg Homogenates
For fractionation of homogenate on a Percoll gradient 1 ml of
50% sea urchin egg homogenate was layered onto a 25% Percoll
density gradient prepared in intracellular medium incorporating an
ATP-regenerating system (Clapper and Lee, 1985). The gradient
was centrifuged at 85,000g for 30 min at 13°C and 1-ml fractions
were collected. Each fraction was tested for Ca21-pumping activity
by recording the rate of Ca21 fall to a steady state and InsP3-induced
a21 release by recording the maximal Ca21 release in response to
400 nM InsP3. Fractions were also tested for ovoperoxidase activity,
marker for cortical granules, according to the guaiacol method of
oerder and Shapiro (1977) and Oberdorf et al. (1989) and for InsP3
production in response to addition of sperm extract (see above). t
Copyright © 2000 by Academic Press. All rightAcid phosphatase activity as indicated by hydrolysis of
p-nitrophenyl phosphate was used as a marker for yolk platelets
(Schuel et al., 1975; Armant et al., 1986). The protein content was
measured for each fraction using bicinchoninic acid and the total
lipid was obtained by weighing a container before and after the
addition and extraction of 100 ml of fraction. Enzyme activities
ere standardized for protein concentration in each fraction, and
nsP3 and PIP2 measurements were standardized for the total lipid
n each fraction.
Some of the fractions obtained from the Percoll gradient were
urther fractionated on Nycodenz gradients (Pandol et al., 1995).
uch fractions were pooled and layered on a 3–15% Nycodenz
ensity gradient prepared in intracellular medium incorporating an
TP regenerating system. The gradient was spun at 85,000g for 2 h
t 4°C and 1-ml fractions were collected. Again each fraction was
easured for ovoperoxidase activity, acid phosphatase activity,
nsP3 production in response to the addition of 2 ml boar sperm
xtract, PIP2 content, and protein and lipid concentrations.
Some fractions were examined by electron microscopy using a
revised method of Schuel et al. (1969). Following primary fixation
in 3.25% gluteraldehyde the pelleted fraction was postfixed in 1%
osmium tetraoxide. After several washes in 0.1 M sodium acetate
and staining with 2% uranyl acetate the pellet was dehydrated
using a graduated series of ethanol concentrations before being
embedded in Araldite resin. Chemicals used for making media and
reagents were from Merck or Sigma.
RESULTS
Sperm-Factor-Induced InsP3 Formation
Is Ca21 Dependent
Figure 1a shows the typical Ca21 change associated with
the addition of boar sperm cytosolic extract to sea urchin
egg homogenate. In the current experiments the free Ca21
levels in the egg homogenate were calculated during some
of these experiments. The resting free Ca21 in typical
liquots of homogenate was 38 6 4 nM (mean 6 SEM, n 5
17). This is similar to the value reported by others using
fura2, or Ca21 electrodes, to measure Ca21 (Clapper and Lee,
1985; Galione et al., 1993). After addition of the sperm
extract to the homogenate the Ca21 concentration increased
to 388 6 22 nM (n 5 9). We have previously suggested that
such Ca21 release in sea urchin egg homogenate is due to
the action of a sperm-derived PLC that generates InsP3
when added to the homogenate (Jones et al., 1998, 2000).
Since the addition of sperm extract triggered a Ca21 release
rom a baseline value of ,50 nM, these data imply that any
PLC activity capable of generating InsP3 in homogenate
must be effective at a very low free Ca21 concentration.
The inflection observed in fluo3 fluorescence in Fig. 1a
uggests that some regenerative Ca21 release occurs follow-
ng sperm extract addition. To determine if this inflection
ay involve increased InsP3 production at higher Ca21
levels, we investigated the Ca21 dependency of the sperm
LC activity. Ca21 levels in sea urchin egg homogenate
ere buffered at higher (1 mM) and lower (;20 nM) free Ca21
levels by the use of Ca21/EGTA or EGTA buffers, respec-
ively. As shown by Figs. 1b and 1c, the resting Ca21 level in
s of reproduction in any form reserved.
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128 Rice et al.the homogenate was clamped accordingly high or low. We
then added sperm extract to these homogenates (Figs. 1b
and 1c) and measured the InsP3 produced in a mass assay.
igure 2 shows that, when Ca21 levels were clamped at
1mM, an increase in InsP3 production occurred following
ddition of sperm extracts. In contrast the addition of
GTA to clamp Ca21 at ;20 nM caused a decrease in the
mount of InsP3 generated by sperm extract, such that no
significant InsP3 was detectable (Fig. 2). In these experi-
ents the changes in InsP3 levels were due to the addition
f sperm extracts, and not Ca21 alone, since simply raising
Ca21 levels in the egg homogenate to 1 mM, or even to 10
mM, did not stimulate InsP3 production (Fig. 2). Conse-
quently these data suggest that the activity of the sperm
PLC, or any other PLC activity involved in the response, is
affected by Ca21 changes in the physiological range. It is
noted, however, that any PLCs that are present in the
homogenate before addition of the sperm extract are not
sufficiently active under the present conditions to generate
detectable InsP3 in response to Ca21 alone.
Sperm Extract Contains a PLC Active at Low
Ca21 Concentrations
The above experiment assayed the Ca21 dependency of
nsP3 formation after sperm extract was added to egg
homogenate. We performed similar experiments in vitro by
FIG. 1. Ca21 levels in sea urchin egg homogenate measured with
fluo3 fluorescence. RFUs are relative fluorescence units. In (a) the
addition of 2 ml of sperm extract at the arrow caused a Ca21 increase
ith a delay. In (b) a 1 mM Ca21/EGTA buffer (0.86 ratio) was added
o elevate the free Ca21 to ;1 mM, and then sperm extract was
dded. In (c) 1 mM EGTA alone was added to the homogenate to
efore addition of sperm extract. The calculated free Ca21 concen-
tration was 20 nM. The brief jumps in the traces seen in (a) and (c)
and in (b) after addition of sperm extracts are artifacts of solution
addition.assaying the sperm PLC activity using tritium-labeled PIP2
Copyright © 2000 by Academic Press. All rightin a mixed micelle assay. Ca21 levels were buffered in this
assay by using Ca21/EGTA buffers. Sperm PLC activity was
ncreased over sevenfold in the range of free Ca21 concen-
trations from 10 nM to 1 mM (Fig. 3). This directly shows
that the sperm PLC activity is affected in vitro by Ca21
concentrations in a similar range to that in the egg homog-
enate.
The above data support the hypothesis that the sperm-
derived PLC activity is involved in generating InsP3 in
homogenate. However, for the PLC to be involved in
generating InsP3 at fertilization in intact eggs, it would have
to diffuse into a comparatively large egg cell volume and
initiate InsP3 production. Consequently, it would have to
be notably active compared with PLCs from other tissues.
PLC activity was, therefore, measured in various tissue
extracts by assaying InsP3 formation after incubation of
extracts with PIP2 (Jones et al., 1998). The incubation with
PIP2 was performed at calculated free Ca21 concentrations
of 160 nM and 15 mM using Ca21/EGTA or Ca21/HEDTA
uffers. The lower value of 160 nM is much lower than the
a21 concentration used in standard mixed micelle PLC
ssay (1–100 mM), but is in the midrange of Ca21 concen-
trations in fertilizing eggs (Stricker, 1999). Table 1 shows
that boar sperm extract had about 2 orders of magnitude
greater PLC activity at these Ca21 concentrations than
extracts of other somatic tissues. The activity of mamma-
FIG. 2. Mass assay of InsP3 in sea urchin egg homogenate. InsP3
levels were measured in homogenates in which the free Ca21
concentrations were fixed by buffers. The InsP3 measurement
values were normalized to be relative to the InsP3 generated after a
tandard addition of 2 ml of sperm extract (se) to the homogenate
without Ca21 buffers) for each particular experimental run (error
ars are SEM). Addition of sperm extracts were made after addition
f Ca21/EGTA to raise free Ca21 to 1 or 10 mM or after addition of
GTA alone. The P values for a paired t test on the raw data for
xperiments performed on the same day comparing se alone with
ither se 1 1 mM Ca21 or se 1 EGTA are 0.07 and 0.04, respectively.Conditions were exactly as described in the legend to Fig. 1.
s of reproduction in any form reserved.
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129A Sperm-Derived PLC Activitylian sperm extract is also much higher than that present in
sea urchin egg cytosol. The highest activity in any somatic
tissue extract was from testis, which obviously contains
sperm and spermatogenic cells. There was an increase in
activity in some tissue extracts, such as kidney and liver,
when Ca21 was clamped at 15 mM during incubation with
PIP2. This is consistent with observations on known PLC
soforms that show an increase in activity when Ca21 is
bove 10 mM (Allen et al., 1997). However, the specific
ctivities were still much lower than that seen with sperm
xtracts. These data were all obtained on extracts that had
een prepared, stored, concentrated, and frozen in a similar
anner. The data, therefore, indicate that sperm extract
ontains a PLC activity that is more effective at low Ca21
concentrations than PLC activities found in the soluble
extracts of other tissues.
We wanted to determine if the PLC activity in boar sperm
extract is sufficiently active to be able to account for InsP3
TABLE 1
InsP3 Production by Different Pig-Derived Extracts after Incubatio
Soluble cell/tissue extract
InsP3-gener
160 nM free Ca21 (0.7
Sperm 44.4 (n 5 3, 6
Testes 0.575 (n 5 3, 6
Ovary 0.324 (n 5 3, 6
Spleen 0.393 (n 5 3, 6
Brain 0.031 (n 5 2)
Kidney 0.077 (n 5 2)
Liver 0.028 (n 5 2)
FIG. 3. The PLC activity of sperm extracts, as measured by PIP2
breakdown, with varying free Ca21 concentrations. Sperm extracts
ere added to mixed micelles containing radiolabeled PIP2. The
free Ca21 concentrations were set by Ca21/EGTA buffers. Points
indicate the mean of two separate runs.Sea urchin egg cytosol 0.456 (n 5 2)
Copyright © 2000 by Academic Press. All rightgeneration after diffusion into the egg cytoplasm. In order to
assess the full potential of the sperm PLC activity we used
freshly prepared extract, since the Ca21-releasing activity of
sperm extract is labile (Parrington et al., 1996). We prepared
boar sperm extract from a suspension of 109 sperm/ml and
measured InsP3 formation immediately after preparation of
the cytosolic fraction. We then incubated freshly prepared
extracts with PIP2 with free Ca21 buffered at ;160 nM with
a Ca21/EGTA buffer. We found that 0.1 ml of freshly
repared cytosolic sperm extract generated 21 pmol (mean,
5 2) of InsP3 after a 1-min incubation with PIP2. These
data imply that 1 pl, a single sperm equivalent, could
generate about 0.2 fmol of InsP3 in 1 min at the range of
a21 concentrations found in eggs. Porcine eggs have a
volume of ;500 pl, so the PLC activity in a single sperm
could generate a maximum concentration of ;400 nM
InsP3 in the egg after 1 min. This may be a significant
mount of InsP3 with respect to Ca21 release at fertilization
in eggs (see Discussion).
The Activity of Sperm Extracts upon Subcellular
Fractions
It is clear from the above and previous data that sperm
extracts stimulate InsP3 from PIP2, which must be present
in egg homogenate. Although there is a considerable
amount of PIP2 present in sea urchin eggs (Turner et al.,
1984) the location of PIP2 in the egg homogenate system
sed for Ca21 release assays is not known. Several groups
ave previously established that sea urchin egg homogenate
an be fractionated into cytosolic, microsomal, cortical, and
ther fractions, using Percoll density gradients (Clapper and
ee, 1985; Lee, 1997). Therefore, to establish the source of
IP2 for sperm PLC-induced InsP3 production, we measured
both the amount of PIP2 and the sperm-extract-induced
InsP3 production in sea urchin egg fractions prepared by
ercoll density gradients. Furthermore, we tested fractions
or their ability to generate Ca21 release in response to
ddition of InsP3.
Figure 4 shows a representative example of a Percoll
h PIP2
activity (mmol/min/mg protein, mean and SD)
21/EGTA) 15 mM free Ca21 (0.75 Ca21/HEDTA)
0) 41.29 (n 5 4, 64.180)
3) 0.425 (n 5 3, 60.048)
2) 0.400 (n 5 3, 60.038)
5) 0.348 (n 5 3, 60.021)
0.042 (n 5 3, 60.028)
0.206 (n 5 3, 60.021)
0.103 (n 5 3, 60.018)n wit
ating
5 Ca
0.30
0.03
0.02
0.03—
s of reproduction in any form reserved.
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130 Rice et al.separation of egg homogenate into seven fractions that were
then assayed for InsP3 formation in response to sperm
extracts. For all fractions the free Ca21 concentration was
clamped at 1 mM (using a Ca21/EGTA) buffer so that any
ifferences in InsP3 production were not due to differences
n Ca21 levels. We found that both PIP2 levels and sperm-
extract-induced InsP3 production were predominant in frac-
ions 5–7, at the bottom of the Percoll gradient. Fraction 4
as identified as microsomal, since it was able to sequester
a21 and release Ca21 in response to InsP3 addition (Clapper
and Lee, 1985). Figure 5a shows an example of an experi-
ment where addition of InsP3 to the microsomal fraction
caused Ca21 release (Clapper and Lee, 1985). In contrast the
microsomal fraction did not show any obvious Ca21 release
in response to the addition of sperm extract (Fig. 5b). These
data suggest that the microsomal fraction can respond to
InsP3, but that it is not able to respond to addition of sperm
xtracts because this fraction has much less PIP2 than
ractions that equilibrate further down the Percoll density
radient.
The Percoll fractions 5–7, that were richest in PIP2, were
also positive for ovoperoxidase activity and acid phospha-
tase activity which are markers of cortical fragments and
yolk platelets, respectively (Oberdorf et al., 1989; Schuel et
al., 1975; Armant et al., 1986). In order to identify the
intracellular compartment of PIP2 we further separated the
cortices and yolk-rich Percoll fractions 5–7 on a Nycodenz
gradient. Figure 6 shows two examples that are representa-
tive of such a Nycodenz separation in which 11 fractions
FIG. 4. Fractionation of sea urchin egg homogenate using Percoll
density gradients. Each fractions was assayed for Ca21-sequestering
nd -releasing activity, PIP2 levels, InsP3 production in response to
ddition of sperm extracts (at 1 mM free Ca21), and marker en-
ymes. The assays of the fractions 1–7 obtained from top to bottom
f the Percoll gradient are shown. Only fractions 3 and 4 are able to
equester Ca21 and to release it in response to InsP3. The distribu-
tion of activities in fractions shown is representative of three
experimental runs.were collected. We found that there was a biphasic pattern
Copyright © 2000 by Academic Press. All rightf separation of the fractions containing PIP2 with highest
levels in fractions 2–4. This general pattern of PIP2 distri-
bution was matched by the distribution of the acid phos-
phatase activity used as a marker for yolk platelets (Fig. 6).
In contrast the egg cortices markers were found in fraction
11 which was at the bottom of the gradient. These data
suggest that PIP2 may be present in the same fractions
containing yolk platelets. When we added sperm extract to
each of the Nycodenz fractions we found that the fractions
generating the most InsP3 were also biphasically distributed
n manner that followed the general biphasic pattern of
istribution of yolk platelets (Fig. 6).
The key fractions from the above experiments were
nalyzed by electron microscopy. Figure 7a shows fraction 4
rom the Percoll gradient, which were referred to as micro-
omal fractions (Clapper and Lee, 1985). They had a uni-
orm vesicular appearance as reported for microsomal en-
oplasmic reticulum. Figure 7b shows the fraction that was
aximal for the generation of InsP3 after addition of sperm
extract. This fraction from the Nycodenz gradient was also
high in acid phosphatase activity and contained structures
consistent with previous reports for yolk platelets from sea
urchin eggs of L. pictus (Mallya et al., 1992). Some mito-
hondria were also seen in these yolk-rich fractions as has
een previously reported in yolk fractions from sea urchin
ggs of Arbacia punctulata (Armant et al., 1986). These
ata suggest that the sperm-derived PLC is active in gener-
ting InsP3 from a subcellular fraction of sea urchin eggs
hat contains PIP2 and is enriched in yolk platelets.
DISCUSSION
The Sperm-Derived PLC Is Active at Resting
Ca21 Concentrations
Previous studies have shown that a soluble cytosolic
preparation of mammalian sperm causes Ca21 release in sea
FIG. 5. The ability of microsomal fraction (Percoll fraction 3 or 4)
to release Ca21 in response to addition of InsP3 or sperm extracts. In
(a) it is shown that microsomes released Ca21 in response to the
ddition of 400 nM InsP3, but in (b) it is shown that the sperm
extracts (that were proven active in whole homogenates) were
unable to trigger significant Ca21 release. The brief deflection seen
in (b) after addition of extracts is an artifact of addition since it is
seen with control additions of medium alone.
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131A Sperm-Derived PLC Activityurchin egg homogenate and that this is also associated with
the ability of extracts to cause Ca21 oscillations in intact
mouse eggs (Jones et al., 1998, 2000; Parrington et al., 1999).
Here, we have shown that the ability of the sperm extracts
to cause InsP3 production in sea urchin egg homogenate is
Ca21 dependent. Clamping the Ca21 concentration to 1 mM,
r to ;20 nM, in homogenate caused a significant alteration
n the amount of InsP3 produced by sperm extract compared
ith control conditions where Ca21 rises to ;400 nM. The
dependency on Ca21 of the sperm-extract-derived PLC ac-
ivity in homogenate is matched by that of the sperm
xtract PLC activity in a mixed micelle assay. These data,
herefore, support our hypothesis that sperm extracts con-
ain the PLC activity relevant for fertilization. The data also
uggest that the sperm PLC-activity-mediated InsP3 produc-
ion can be enhanced by raising the free Ca21 concentration
within the physiological range. This implies that a positive
feedback loop for InsP3 production may occur in homoge-
nate and intact eggs. Such a mechanism has been proposed
previously for generating Ca21 waves in sea urchin eggs and
somatic cells (Whitaker and Irvine, 1984; Meyer and Stryer,
1998). The ability of a sperm PLC activity to generate InsP3
in a Ca21-dependent manner may also be a mechanism for
he increase in Ca21-induced Ca21 release observed at fer-
ilization, or after sperm extract injection, in mammalian
ggs (Miyazaki et al., 1993; Swann, 1994).
It is noteworthy that a Ca21-dependent PLC activity has
been previously reported in sea urchin egg homogenate and
in isolated egg cortices (Whitaker and Irvine, 1984; Rongish
et al., 1999). This egg-derived PLC activity was also stimu-
lated by Ca21 changes within the physiological range (Ron-
ish et al., 1999). By preincubating sea urchin egg cytosol
ith PIP2 we confirmed that a PLC activity is present in
nfertilized sea urchin eggs (Table 1). It is unclear how
uch an egg-derived PLC activity could contribute toward
FIG. 6. Further fractionation of Percoll fractions 5–7 using Nyco-
denz density gradients. As in Fig. 4 the fractions were assayed for
PIP2, InsP3 production in response to the addition of the sperm
factor (at 1 mM free Ca21), and marker enzymes. The results shown
are two representative of three separate experiments. Fractions
1–11 are numbered from the top to the bottom of the gradient.he InsP3 production that is observed after addition of sperm
Copyright © 2000 by Academic Press. All rightextract to sea urchin egg homogenate. In fact it could be
argued that the present data do not exclude the possibility
that an egg-derived PLC activity plays some role in gener-
ating InsP3 after sperm extract addition. However, the sea
urchin egg-derived PLC activity has previously been shown
to be stimulated by Ca21 (Whitaker and Irvine, 1984;
Rongish et al., 1999) but when we raised Ca21 levels in sea
rchin egg homogenate to 1 or 10 mM there was no
etectable InsP3 production using a mass assay. Although
the identity of the sperm PLC is still unclear it is notable in
that it is much more active than the PLC activities in other
tissues extracts when assayed, in solution, under our con-
ditions of physiological and low or high Ca21 concentra-
tions (160 nM to 15 mM). Both the activity at low Ca21
concentrations and the activity in free solution are likely to
be important in its ability to generate InsP3 in egg homog-
enate. Most PLCs in free solution have a requirement for
relatively high Ca21 concentrations of greater than 10 mM
Allen et al., 1997). The requirement of high Ca21 levels for
activity may be one reason why PLCs in soluble protein
extracts from many somatic tissues, or some recombinant
PLCs, are not able to trigger Ca21 release in sea urchin egg
omogenate where resting Ca21 levels are less than 50 nM
(Jones et al., 2000). However, it is also notable that the
perm extract contains much greater overall activity than
ther extracts when Ca21 is .10 mM (Table 1). This may
ndicate that boar sperm cytosol contain a fully active PLC
hat is readily soluble and this may distinguish sperm from
ther tissues which may contain PLCs that are not acti-
ated or else not present to the same degree in the soluble
xtracts. Nevertheless, even a different solubility and Ca21
sensitivity may not explain all features of the sperm PLC
activity. We noted that the relatively low PLC activity of
testis extracts is associated with Ca21 release (Jones et al.,
000), and yet we have never seen Ca21-releasing activity
with ovary or spleen extracts that have similar PLC activity
(J. Parrington and K. Swann, unpublished observations). It is
possible that PIP2 in homogenate is not accessible to all
orms of PLC.
Is the PLC Activity in a Single Sperm Sufficient to
Account for Ca21 Release in Eggs?
It is important to consider if the PLC activity in our boar
sperm extract is sufficiently high that the activity in a
single sperm could account for Ca21 release at fertilization
(Whitaker and Irvine, 1984; Jones et al., 1998; Mehlmann et
al., 1999). We have made an estimation of the PLC activity
in a single sperm equivalent by assaying InsP3 formation in
freshly prepared sperm extracts. Our estimation makes
many assumptions. For example, we have assumed that the
sperm PLC is saturated with the substrate PIP2 and that all
the PLC activity in sperm extracts is the PLC relevant to
one that may enter the egg cytoplasm after fertilization. We
also have assumed that 100% of the relevant PLC activity is
s of reproduction in any form reserved.
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132 Rice et al.extracted during sperm extract preparation. Any of these
assumptions may be invalid, and some considerations may
cancel out each other in estimating the relevant PLC
activity. We should also take into account InsP3 hydrolysis
since this will reduce the InsP3 concentration considerably
uring the 1 min that we allow for sperm extract to generate
nsP3. However, our data do suggest that one pig sperm
quivalent could potentially generate enough InsP3 to reach
a concentration approaching 400 nM in the egg after 1 min.
It is difficult to relate this value to how much InsP3 is
generated at fertilization since there are no direct measure-
ments of InsP3 levels in fertilizing mammalian eggs. Nev-
ertheless, the estimate for the amount of InsP3 generated by
one sperm equivalent (400 nM) does exceed the threshold
for InsP3-induced Ca21 release in pig eggs which is 10–100
M (Machaty et al., 1997). Consequently, even after InsP3
metabolism over the course of 1 min, it is not unreasonable
to propose that a sperm-derived PLC could account for Ca21
release in a mammalian egg at fertilization.
Although the initial report of a sperm factor in sea
urchins has not been repeated (Dale et al., 1985), it is
noteworthy that sea urchin sperm extracts have been
shown to have ;25 times the PLC activity of sea urchin
eggs (Rongish et al., 1999). Given that a sea urchin sperm is
ven smaller than a mammalian sperm it seems unlikely
FIG. 7. Electron micrographs of fractions obtained by Percoll and
Percoll fraction (fraction 4 from Fig. 4), which sequesters Ca21 and re
raction that was high in acid phosphatase activity. YP, yolk platehat this PLC activity can account for the majority of the
Copyright © 2000 by Academic Press. All rightnsP3 generated at fertilization in sea urchin eggs. It could
e significant, however, if the sperm’s PLC was delivered
nto the egg and generated a local rise in InsP3 concentra-
tion that then initiated a Ca21 wave (Whitaker and Swann,
1993). In this case the bulk of the InsP3 at fertilization could
e generated by a PLCg that is expected to be activated in
he intact sea urchin egg (Carroll et al., 1999; Shearer et al.,
999; Rongish et al., 1999).
Where Is the PIP2 in Egg Homogenate?
The location of the PIP2 in an egg for a sperm-derived PLC
is not yet known. Previous studies have shown that sea
urchin eggs contain considerable quantities of PIP2 (Turner
t al., 1984). It has been assumed that this PIP2 is mostly
localized to the plasma membrane since this is where it is
found in somatic cells and experiments on sea urchin eggs
suggest that PIP2, and the kinases that generate PIP2, are
present in cortices (Whitaker and Irvine, 1984; Oberdorf et
al., 1989). In somatic cells, however, not all of the PIP2 is
associated with the plasma membrane. Recent studies have
suggested the Golgi membranes can synthesize and contain
PIP2 (Godi et al., 1999). The finding that sperm extracts,
and, by implication, a sperm-derived PLC activity can
generate InsP3 from sea urchin egg homogenate raises the
denz separation of sea urchin egg homogenates. In (a) is shown the
s it in response to InsP3. In (b) is shown a fraction from a Nycodenz
, mitochondria.Nyco
leasequestion of whether PIP2 may occur and be accessible in
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133A Sperm-Derived PLC Activityother subcellular fractions. Since the sperm PLC may
diffuse through the cytoplasmic space of a mammalian egg
it is not an essential requirement that PIP2 be localized
entirely to the plasma membrane.
Our fractionation experiments suggest that InsP3 can be
generated from sea urchin egg intracellular membranes,
which are not microsomal in origin. Instead the best corre-
lation is with acid phosphatase activity, normally used as a
yolk platelet marker (Schuel et al., 1975; Armant et al.,
986). The presence of yolk platelets in the acid
hosphatase-rich fractions was confirmed by electron mi-
roscopy. It was notable that both PIP2 levels and InsP3
formation showed a biphasic pattern of fractionation that
followed the biphasic separation of acid phosphatase activ-
ity. This separation of yolk platelets into two distinct peaks
has previously been reported using sucrose and metriz-
amide density gradients (Schuel et al., 1975; Armant et al.,
986). It could be argued that a small amount of plasma
embrane contaminates some of our yolk fractions. How-
ver, cortical fractions, without yolk, do not contain
nough PIP2 to generate InsP3 in response to sperm PLC
addition (Fig. 6). One simple interpretation of these data is
that the PIP2, which acts as a substrate for a sperm PLC-
nduced InsP3 formation, is located in yolk vesicles. This
dea is not novel, since the yolk platelets in frog eggs have
lso been suggested to contain PIP2. (Snow et al., 1996). In
he future it will be important to establish the precise
ocalization of PIP2 in intact sea urchins egg, as well as in
ntact mammalian eggs where the equivalent of yolk plate-
ets are the lysosomes (Albertini, 1984).
Implications
Our data have crossed species by using a mammalian
sperm extract in a sea urchin egg homogenate. There are
implications for both species. The available data on Ca21
waves in sea urchin, frog, and mammalian eggs have sug-
gested that at fertilization, and after sperm extract injec-
tion, regenerative Ca21 waves travel through the center of
the egg and hence the egg cytoplasm (Galione et al., 1993;
Stricker, 1999; Oda et al., 1999). It is possible that this
cytoplasmic Ca21 wave is generated by positive feedback
upon InsP3 receptors that are potentiated by InsP3 generated
at the plasma membrane. However, there is no evidence
that Ca21 and InsP3 synergize to cause Ca21 release in intact
ature mouse eggs (Swann, 1994) or in the sea urchin egg
omogenate (Lee, 1993). Regenerative InsP3 production
hrough Ca21-dependent InsP3 formation is also able to
enerate Ca21 waves in cells (Whitaker and Irvine, 1984). If
this second mechanism is to operate in any egg cytoplasm
then InsP3 formation would have to be Ca21 dependent in
the egg cytoplasm. Here, we have provided evidence that a
mammalian sperm PLC activity leads to Ca21-dependent
nsP3 formation in a cytoplasmic egg-based preparation.
Furthermore, our data suggest that the sea urchin egg-based
homogenate contains PIP2 in some of its intracellular
rganelles. This raises the possibility that Ca21 waves in
Copyright © 2000 by Academic Press. All rightboth mammalian and sea urchin eggs could be generated via
Ca21-induced InsP3 made in the cytoplasm. A role for the
soluble sperm PLC activity may be to increase the ability of
mammalian eggs to generate Ca21-dependent InsP3 forma-
tion from a cytoplasmic source.
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